This study investigates an aluminum nitride (AlN) nanorod structure sputtered by glancing angle deposition (GLAD) and its application as a buffer layer for GaN-based light-emitting diodes (LEDs) that are fabricated on sapphire substrates. The ray tracing method is adopted with a three-dimensional model in TracePro software. Simulation results indicate that the zigzag AlN nanorod structure is an optimal buffer layer in a GaN-based LED. Furthermore, the light output power of a GaN-based LED with a zigzag AlN nanorod structure improves to as much as 28.6% at a forward current of 20 mA over that of the GaN-based LED with a normal AlN buffer layer.
Introduction
The numerous applications of GaN-based light-emitting diodes (LEDs) include traffic lights, back light units in liquid crystal displays, indoor and outdoor lighting, street lighting, and exterior advertising displays. As the conventional application in the recent decade, low-temperature GaN (LTGaN) buffer layers are inserted between the LED structure and substrate to increase the internal quantum efficiency of LEDs by improving the crystal quality of the LED structure [1] [2] [3] [4] . For solid-state lighting applications, the commercial use of a patterned sapphire substrate (PSS) technology has increased the light extraction efficiency of the LED structure [3, [5] [6] [7] [8] [9] [10] . However, the LED structure on PSS requires an additional growth time and higher overhead costs than those of LED with the conventional structure.
Recently, in the structure of GaN-based LEDs, A1N has been applied between GaN epitaxial layer and sapphire substrate as a buffer layer to improve the quality of GaN epitaxial layer owing to a similar lattice constant with GaN [11] [12] [13] . However, glancing angle deposition (GLAD) is a highly effective means of depositing nanostructured thin films by rotating a tilted sample during deposition [14] . Factors governing the shape of nanostructured thin films include zigzags, vertical posts, helices, chiral pillars, and their optical properties, which are interesting due to birefractance [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Therefore, by extending the results of previous efforts, this study investigates the zigzag and helical AlN nanorod structures that are prepared by GLAD [24] . GaNbased LED structures are grown on a sapphire substrate with zigzag and helical AlN nanorod structures. This study also investigates how the AlN nanorod structure affects the structural and optical characteristics of the GaN-based LED with zigzag and helical AlN nanorod structures.
Experimental
Sapphire substrates were cleaned thoroughly with acetone, ethanol, and deionized water in an ultrasonic oscillator 2 Journal of Nanomaterials for 10 min, respectively, and dried with nitrogen. A 3000Å thick aluminum nitride (AlN) nanorod structure was then deposited onto the sapphire substrate by magnetron reactive sputtering deposition at an oblique angle by using highpurity aluminum targets in nitrogen gas at a flow rate of 9 sccm and a stable pressure of 3 × 10 −3 Torr. Next, the sapphire substrate was mounted on a rotational holder driven by a DC motor. Figure 1(a) schematically depicts the deposition vapor flux and film orientation with different angle definitions, where α denotes the flux arrival angle measured from the substrate normal and β represents the columnar nanostructure inclination angle also evaluated from the substrate normal. The morphology and crosssectional structure were observed by field emission scanning electron microscopy (FESEM).
The glancing angle sputtered zigzag or helical AlN nanorod structure was incorporated into a GaN-based LED device as a buffer layer for GaN epitaxial growth. A 3 nm thick low-temperature grown GaN (LT-GaN), a 1 μm thick undoped GaN (U-GaN) layer, a 7 μm thick n-type GaN:Si (n-GaN) layer, 12 pairs of undoped InGaN/GaN multiplequantum wells, a 100Å thick Al 0.01 Ga 0.99 N:Mg layer, and a 0.3 μm thick GaN:Mg were grown sequentially on sapphire substrates with an AlN nanorod structure as a buffer that had been prepared in advance by GLAD using metal-organic chemical vapor deposition (MOCVD). Heat treatment at 650
• C for 10 min in ambient nitrogen activated the p-type dopant. LED chips were then fabricated. The surface of the p-type GaN layer was partially etched until the n-type GaN layer was exposed. Next, the indium tin oxide (ITO) contact layer was formed on the p-type GaN layer, and a Cr/Au (50 nm/1200 nm) electrode was formed on the ITO contact layer and the exposed n-type GaN layer, respectively. Figure 1 (b) schematically depicts the cross-section of the complete structure. Moreover, the I-V characteristics were measured using a Keithley 2420 meter. Finally, the light output power of the LED lamp was evaluated using an integrated sphere detector; the measured deviation was around 10%. 
Results and Discussion
This relationship is empirical and modified based on Tait's rule and our previous work [25, 26] . The modification factor ξ addressed by our previous work depends heavily on the deposition parameters and materials [26, 27] . Figure 3 presents a typical XRD pattern of zigzag and helical AlN nanorod structures deposited at various oblique angles on a sapphire substrate that has been prepared by radio-frequency magnetron sputtering. According to Figure 3(a) , two dominant diffraction peaks, AlN (101) (2θ = 37.78
• ) and sapphire substrate (006) (2θ = 41.72 • ), were observed for the sample with normal deposition (i.e., α = 0
• ). The peak that corresponded to the AlN (101) orientation had a full width at a half maximum (FWHM) of 0.66
• . The lattice parameters of AlN were a = 3.12Å and c = 4.98Å, respectively. The peak position was slightly shifted to 2θ = 37.72
• when the flux arrival angle from α = 0
• . Similarly, for the peak position of helical AlN nanorod structures prepared by zigzag deposition (α = 40 and 80
• ), the peak position was at 37.70 and 37.66
• , respectively. This finding may be owing to a high incorporation of nitrogen into the film deposited with a high oblique angle. As is well known, AlN nanorods with a higher nitrogen content have a smaller lattice constant and degradation of crystallization corresponding to the broadening of peak width [26] .
The propagation and reflection of light in the devices were examined by applying the ray tracing method associated with the three-dimensional model in TracePro software. The parameters used in the simulation were as follows: refractive index of GaN = 2.54, absorption coefficient = 100 cm −1 , refractive index of AlN = 2.2, and refractive index of sapphire substrate = 1.76. The emission rays in the active regions of all samples were set identical (100 rays) in the simulation. Figure 4 shows the ray tracing results of different structures. The light reflection ratio from the front side was 11 : 9 : 19 : 15 rays for the structures with normal, oblique, zigzag, and helical AlN layers, respectively. As for competition between the improvements in light reflection in the four structures, the zigzag AlN nanorod structure is the optimal buffer layer in GaN-based LED. AlN nanorod structure to the traditional LED and LED with the normal AlN structure is an improvement of around 76.45% and 48.75%, respectively. The thermal conductivity of AlN and GaN is 3.2 and 1.3 W/cm-K, respectively [27] . Therefore, this improvement of the light output power of the LED with the AlN nanorod structures is caused by the scattering effect and a superior thermal conductivity than that of the LED with GaN buffer layer. However, the ratio in light output power slightly differs from the simulation results by TracePro software, as shown in Figure 4 . This finding may be owing to the joule thermal effect as the LED operates at high injection current according to the light output powerinjection current curves in Figure 5 .
Conclusions
This study investigated how the growth of GaN-based LED structures affects a sapphire substrate with an AlN
Journal of Nanomaterials • (our previous study), (c) zigzag α = ±80
• (this study), and (d) helical α = 80 • (this study).
nanocolumnar layer that was sputtered at various oblique angles. The AlN nanorod structure has a diameter of around 50-100 nm. The ray tracing method was used with a two-dimensional model in TracePro software. The light reflection ratio from the front side was 11 : 9 : 19 : 15 rays for the structures with normal, oblique, zigzag, and helical AlN layers, respectively. Therefore, the zigzag AlN nanorod structure is an optimal buffer layer in GaN-based LED. In comparison with the our previous study, that is, the GaNbased LED with normal AlN buffer layer, the light output power of a GaN-based LED with a zigzag AlN nanorod structure improved to as much as about 28.6% at a forward current of 20 mA. Furthermore, the results of light output power of the GaN-based LEDs nearly coincide with the simulation by ray tracing at a low injection current.
